During the last three decades, our understanding about Wnt signaling has progressed greatly, especially with regards to the molecular mechanism of intracellular transmission of this signaling, as well as its physiological roles. In parallel, the molecular nature of Wnt proteins has gradually but surely been clarified. Wnt proteins are post-translationaly modified with fatty acid and glycosaminoglycans, resulting in constraint of the 3D structure and behavior of the proteins. Specific binding proteins or extracellular vesicles, which appear to shield the lipid moiety from the aquatic environment, enable Wnt proteins to be transported in the extracellular space. Equally, Wnt-interacting proteins in the extracellular space, including heparan sulfate proteoglycan, are also involved in its spreading. Recent studies also show that intercellular transmission of Wnt proteins occurs by cell migration and extension of cell protrusions. Here, we will show the molecular and cellular bases of the trafficking of Wnt proteins and discuss questions that remain to be answered.
In multicellular organisms, the behavior of cells, including cell proliferation, differentiation, polarization and migration, are well coordinated. Secreted signaling molecules of the Wnt family have implicated in this coordination in many aspects of embryogenesis and homeostasis in metazoans (1) . While these molecules appear to function at a distance from their source cells, evidence also indicates that they act locally as well (2) . In the development of C. elegans, long-range Wnt signaling appears to be involved in the migration of neuronal cells along the anteriorposterior axis and specification of vulval precursor cells (3) . In contrast, several examples in the same organism have also indicated short-range Wnt signaling in spindle rotation of the blastomeres, an actomyosinmediated constriction and location of synapses (3) . Thus, the signaling range of Wnt proteins, or the requirement of their range, appears to vary probably depending on the cellular context; although precise consideration is still required regarding examination of its range.
What determines the signaling range? How is the variation of Wnt signaling range generated? We do not yet have any definitive answer for these questions. However, we wonder if some clues for the answers to these questions might be found in the nature of the Wnt proteins themselves, in their association with Wnt transporters, in their interaction with the extracellular matrix, and in the dynamic behaviors of Wnt producing cells. Thus, in this review article, we will describe the diversity in the modification and secretion of Wnt proteins and in the molecular and cellular mechanisms involved in their transport, taking into account that these diversities may contribute to generation of the differences in the Wnt signaling range.
Structural Basis of Wnt Proteins
Wnt proteins contain a signal sequence at the N-terminus and consists of 350400 amino acids, including 2224 of conserved cysteine residues, most of which are involved in the intramolecular SS bonding. Most Wnt proteins are post-translationally modified by glycosylation and lipidation (Fig. 1) . In spite of the physiological importance of Wnt signaling, biochemical properties of Wnt proteins have been poorly characterized due to the inherent difficulties in purification of the native form of these proteins (4) .
Although the difficulties had also impeded crystallographic analysis, co-expression of Xenopus Wnt8 protein with the ligand-binding domain, the cysteine-rich domain (CRD), of the human Frizzled (Fz) 8 receptor, enabled these proteins to be crystallized, affording clarification of the structure of Wnt proteins (5) . This study revealed that Wnt proteins comprise two distinct domains, a larger N-terminal domain (NTD) or D1 and a C-terminal domain (CTD) or D2. The NTD is constructed from six a-helices and two protruding b-hairpins, one of which bears a conserved serine residue (Ser187 of Xenopus Wnt8) attached to a fatty acid chain that interacts with the Fz CRD in a lipid-ingroove manner. In contrast, structural analysis of the NTD of Drosophila WntD, which contains glutamine rather than serine at the conserved lipidation site, indicates that the tip of the WntD b-hairpin folds to create a fist-like structure that does not adopt an extended conformation interactive with Fz CRD (6) . Thus, the conformation of the lipidated b-hairepin structure is crucial for interaction between Wnt and Fz. On the other hand, the CTD of Wnt8, which is composed of one helix and two b-sheets, partly resembles the hairpin loop of cysteine-knot growth factors; and Fz CRD also interacts with the tip of this hairpin. Therefore, the Fz CRD appears to be grasped by two distinct b-hairpin excursions from the core of a Wnt protein.
Variation of Post-translational Modification and Secretion of Wnt Proteins
Wnt lipidation takes place post-translationaly in the ER (7, 8) . Almost all Wnts are modified with monounsaturated fatty acid at an evolutionally conserved serine by the acyltransferase known as Porcupine (porcn) a member of the MBOAT family of transmembrane-bound O-acyltransferases (8, 9) . Upon lipidation, Wnt proteins become associated with a Wnt transporter protein called Wntless (Wls), as well as Evi or Sprinter, and are then escorted to the plasma membrane (1013).
However, several lines of evidence suggest that this secretion machinery is not always required for Wnt secretion. For instance, the secretion and lipidation of ectopically expressed Wnt5b are impaired in porcn-deficient zebrafish embryos, whereas those of ectopically expressed Wnt3a are less or not affected (14) . In addition, in polarized epithelial culture cells, from which ectopically expressed Wnt11 and Wnt3a are secreted apically and basolaterally, respectively, the recycling of Wls is necessary only for the basolateral secretion of Wnt3a but not for the apical secretion of Wnt11 (15) . These results suggest that the Porcn/ Wls-mediated pathway proceeds to Wnt secretion depending on the Wnt subtype and cellular context. Thus, the Wnt secretion machinery appears to be heterogenous although it remains to be clarified what molecules regulate Porcn-independent secretion.
In addition, the N-glycosylation also regulates the direction of Wnt secretion in polarized epithelial cell cultures (15) . Wnt11 is modified with both complex and high-mannose-type glycans whereas Wnt3a is modified with only high-mannose-type glycans. The complex-type glycosylation of Wnt11 is required for the apical secretion, indicating that glycosylation processing regulates the direction of Wnt secretion and seems to be one of the factors that generate heterogeneity in the modification of Wnt proteins. Together, it is an interesting question as to whether these variations affect the association of Wnt with Wnt transporters and extracellular trafficking of secreted Wnt proteins.
Heterogeneity of Wnt Secretion in Terms of Epithelial Polarity
The epithelial cell is one of the sources of Wnt production in developing and adult tissues. In epithelial cells, Wnt appears to be synthesized and secreted in a polarity-dependent manner. In Drosophila embryos, the mRNA and proteins of Wg, the most well-characterized Drosophila Wnt, accumulate in the apical region of epithelial cells (1619). In contrast to this cytoplasmic localization, Wg is extracellularly concentrated on the basolateral surface of its producing cells in the wing imaginal disc (16) . A recent study revealed that Wg is presented first on the apical surface of these cells and then is transferred to the basolateral one via endocytosis (20) . These results suggest that the synthesis and secretion of Wg are dependent on the apicalbasal polarity of epithelial cells. Interestingly, reggie1/flotillin2, which protein is involved in the long-range activation of Wg signaling, stimulates the apical secretion of Wg. Upon overexpression of reggie1, Wg diffusion is increased at the apical region of the wing disc, whereas knockdown of reggie1 affects the Wg signaling at the apical but not the baslolateral side (21) . Therefore, the polarized secretion of Wnt from epithelial cells appears to affect the signaling range around the producing cells.
In vertebrates, Wnts are also secreted in a polaritydependent manner. As described earlier, experiments with cultured epithelial cells indicated that mouse Wnt3a is preferentially secreted from the basolateral side but that Wnt11 secretion mainly occurs at the apical side (15) . In addition, exosome-mediated secretion of Wnt proteins appears to be dependent on the apicobasal polarity (22) . Different populations of exosomelike extracellular vesicles are secreted from cultured epithelial cells in a polarity-dependent manner and the secreted Wnt proteins are differently packaged into distinct populations of vesicles in a cell polarity-dependent manner. Of note, the lipidation is required for the basolateral secretion of Wnt in exosomes but is dispensable for the apical route, indicating that epithelial cells release Wnt via distinct populations of exovesicles differing in secretion polarity and lipidation dependency. One interesting question is whether these polarity-dependent secretion mechanisms may generate a difference in the signaling range of secreted Wnt proteins.
Variety of Extracellular Transporters of Wnt Proteins
Wnt binding proteins As mentioned earlier, the lipid moiety of Wnt protein is located at the interface of Wnt ligand and Fz receptor. However, prior to interaction with Fz receptors, the lipid should be shielded from its aqueous environment. Intra-molecular folding may protect this lipid from aqueous environment although no structural evidence has been provided for such folding. Alternatively, it seems plausible that some transporter proteins shield the hydrophobic moiety (Fig. 1) .
Interestingly, secreted Frizzled-related proteins (sFRPs), which are considered to be soluble antagonists to Wnt proteins, also appear to transmit these proteins in the extracellular space (23, 24; Figs 1 and 2A) . Frzb and crescent, members of the sFRP family, can expand the distribution range of Wnt8 proteins in the Xenopus embryo (25) . In addition, sFRP1 and sFRP2 double-deficient mice exhibit inhibition of Wnt/b-catenin signaling with a concomitant reduction in Wnt11 spreading in the embryonic mouse optic cup (26) . Furthermore, when sFRP1 is expressed in the Drosophila wing disc, extracellular diffusion of Wg is expanded and expression of long-range target genes is enhanced while that of shortrange genes is decreased (26) .
Similarly, another Wnt-binding protein Swim (Secreted Wg-interacting molecule), which is a member of the Lipocalin family of extracellular transport proteins, was reported to facilitate the extracellular diffusion of Wg proteins in the Drosophila wing disc (Figs 1 and 2A; 27) . RNAi-mediated reduction in Swim expression decreases extracellular Wg distribution and impairs long-range signaling. In contrast, Swim overexpression does not obviously affects Wg diffusion; but it does reduce Wg signaling, possibly by interfering with the binding of Wg to its receptors.
In contrast to these proteins, which interact with Wnt in vivo, a recent study shows that Afamin, an albumin-like serum component, is predominantly associated with Wnt3a secreted into the culture media of Wnt3a producing cells (28) . Taken together, available data suggest that it is plausible that Wnt proteins may associate with different binding partners depending on the cellular context. It is unclear whether some other diffusible protein that has the ability to bind with Wnt proteins can transport Wnt proteins in the extracellular space. Extensive studies will be needed to reveal what binding proteins contribute to Wnt spreading in accordance with the cellular and tissue context.
Extracellular vesicles
In addition to the Wnt binding proteins, Wnts are conveyed by lipid containing or membranous transporters, in which the lipid moiety of Wnt is protected (Figs 1  and 2B ). Wg is the first Wnt proteins observed to associate with extracellular vesicles, primarily referred to as argosomes, in Drosophila (29) . Further analysis by the same group indicated that lipoprotein particles, which are apolipoprotein-containing phospholipid monolayers enveloping cholesterol and triglycerides, are associated with Wg (30) . In the Drosophila imaginal disc, Wg is associated with lipoprotein particles containing lipophorin, a Drosophila homolog of apolipoprotein (Fig. 1) . Lipoprotein particles are initially produced in the fat body and spread to the wing disc through the hemolymph. A reduction in lipophorin decreases the extracellular level of Wg and narrows Wg diffusion, indicating that lipoprotein particles are required for generation of diffusible Wg proteins. In mammals, high-density lipoproteins (HDL) associate with and enhance the secretion of Wnt3a in some cases of cell culture (31) although it still remains to be clarified whether lipoprotein particles are involved in Wnt diffusion in the physiological condition.
Exosomes, which are produced by inward budding of multi-vesicular-body (MVB) and secreted by fusion of MVB with the plasma membrane, also carry Wnt proteins in the extracellular space (Figs 1 and 2B; 32,  33 ). Exosome-associated Wnt proteins are detected in the culture media of Wnt-producing culture cells, although it is controversial whether this form of Wnt proteins is a major part of the total population of Wnt proteins. It is also debatable whether exosomes are required for Wg spreading and proper development of the Drosophila wing disc (34) .
Multiple Roles of Heparan Sulfate Proteoglycans in the Regulation of Wnt Signals
After Wnt proteins are secreted from the cell, their diffusion is controlled through interaction with molecules on the plasma membrane and/or in the extracellular Diversity in Wnt secretion and transport matrix. The heparan sulfate (HS) proteoglycans (HSPGs), which are composed of a core protein with several attached chains of HS glycosaminoglycans (GAG), is a major component involved in this interaction ( Fig. 2C; 34) . Several lines of evidence show that HSPG regulates signaling and spreading of Wnt (35, 36) . Genetical analyses of Drosophila mutants defective in the core proteins or in GAG biosynthesis indicate the requirement of HSPGs in Wnt signaling and spreading (35) . Biochemical evidence showing that Wg can bind to heparin supports the idea that HSPGs regulate Wnt signaling possibly by maintaining the local concentration of Wnt proteins on the cell surface (37) . On the other hand, since Wg fails to move across a clone of cells defective in the synthesis of the GAG of HSPGs, HSPGs also regulates the restrictive movement of Wnt in the extracellular space (35) .
HSPGs are generally classified into three distinct classes based on their core protein structures. Glypicans and syndecans are linked to the plasma membrane by a glycosylphosphatidyl inositol (GPI) anchor or a transmembrane domain, respectively. Perlecans are secreted proteins and mainly distributed in the extracellular space. In Drosophila, two glypican proteins, Dally and Dlp, are involved in Wnt signaling and extracellular spreading. Removal of both Dally and Dlp leads to a strong reduction in extracellular Wg (38) . However, the functions of Dally and Dlp appear to be different; Dally can present Wg to the dFz2 receptor, resulting in activation of Wnt signaling (35, 39) . On the other hand, Dlp has two opposing effects on Wnt signaling; i. e., while Dlp negatively regulates Wnt signaling around the Wg-producing cells by limiting Wg accumulation, it enhances Wnt signaling in distal cells by promoting Wg spreading (35, 38, 40) .
Modifications of the GAG chains of HS also regulate Wnt activity. The HS chains are initially modified by N-sulfation of N-acetyl glucosamine, followed by epimerization of glucuronic acid, and three types of O-sulfation (35) . A Drosophila mutant defective in Ndeacetylase/N-sulfotransferase (NDST/sulfateless), which is required for the N-sulfation, exhibits impaired distribution and signaling of Wg (39, 41) . On the other hand, post-synthesis modification of HS also regulates Wnt signaling. Sulf1, a heparan-sulfate-specific 6-Oendosulfatase, which extracellularly modulates HS, enhances canonical Wnt signaling in several systems (4246) whereas Drosophila Sulf appears to downregulate the function of Wg (47, 48) . In addition, Sulf1 differently modulates the function of several Wnts, Wnt11, Wnt8 and Wnt3a, in Xenopus embryos (49) . Thus, the HS modification by Sulf appears to regulate Wnt function in a context-and/or Wnt type-dependent manner.
Other Mechanisms for Intercellular Transport of Wnt Proteins
Cell protrusion in the intercellular transmission of Wnt proteins In contrast to the transport in the extracellular space, live imaging analyses of fluorescently tagged Wnt proteins suggest that trafficking through filopodia-like cell protrusion, called cytonemes, is another way to transmit Wnt signals across cells ( Fig. 2D; 50) . In Xenopus cells in culture, a subpopulation of Wnt2b-GFP fusion proteins remains bound to the filopodia tips for minutes and moves together with the tips according to filopodia extension (50) . This filopodia-mediated Wnt transmission was precisely examined in zebrafish embryos (51, 52) , with the following findings; Wnt8a-GFP is transported as a cluster to the tip of growing filopodia. Upon contact of the tip of the extended filopodia with the plasma membrane of the receiving cells, a Wntreceptor complex, called the signalosome, which is a dynamic structure mediating Wnt/b-catenin signaling, is locally formed at this contact point. These extended filopodia are then pruned off and the remaining Wnt8 proteins on the plasma membrane appear to be endocytosed along with the signalosome complex into the receiving cells (52) .
In the case of cytoneme-mediated transfer, the signaling range of Wnt proteins is determined by the length of the cytoneme, which is estimated to be up to 50 mm (52, 53). Thus, this cytoneme-mediated system is able to transfer Wnt proteins over a long distance. Since the velocity of propagation along the filopodia is relatively fast, 0.11 mm/s in the case of Wnt8 in the zebrafish embryo (52, 53) , this mode of Wnt transmission is likely to be suitable for highly dynamic processes occurring during morphogenesis.
Migrating cells as a transporter of Wnt protein
Wnt proteins are also transmitted at a distance by cell migration. In vertebrate embryos, Wnt1 is produced in cells located in the most dorsal region of the developing spinal cord. On the other hand, Wnt1 is required for the development of the dorsomedial lip of the somite, which is apart from the Wnt1 producing cells (54) . How does Wnt1 travel the distance between the dorsal spinal cord and the somite? An elegant study using chick embryos showed that neural crest cells, which are differentiated from Wnt1-producing dorsal spinal cord cells by epithelialmesenchymal transition, migrate from the spinal cord carrying Wnt1 proteins to the somite (55) . Probably since Wnt proteins are tightly associated with the cell membrane, such a cell-mediated transmission can be achieved.
Conclusion and Perspectives
Considerable efforts have been devoted in the last few decades to reveal the nature of secreted Wnt proteins and the mechanism of their intercellular transmission. As a result, a number of different models have been proposed to explain how Wnt proteins are transmitted among cells. Given that the different forms of Wnt possess different properties with regard to intercellular transmission, it is important to determine what mode of Wnt transmission actually occurs in particular tissues and cells. Thus, one of the future goals is to determine what forms of Wnt proteins and what mechanism of the Wnt delivery system are involved in particular processed in embryogenesis, homeostasis and carcinogenesis and to understand the mechanism underlying the spatio-temporal regulation of Wnt signaling in each context.
